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Abstract 
We report theoretical investigations on the role of interfacial bonding mechanism and its 
resulting structures to quantum transport in molecular wires. Two bonding mechanisms for the 
Au-S bond in an Au(111)/1,4-benzenedithiol(BDT)/Au(111) junction were identified by ab 
initio calculation, confirmed by a recent experiment, which, we showed, critically control 
charge conduction. It was found, for Au/ BDT/Au junctions, the hydrogen atom, bound by a 
dative bond to the Sulfur, is energetically non-dissociative after the interface formation. The 
calculated conductance and junction breakdown forces of H-non-dissociative Au/BDT/Au 
devices are consistent with the experimental values, while the H-dissociated devices, with the 
interface governed by typical covalent bonding, give conductance more than an order of 
magnitude larger. By examining the scattering states that traverse the junctions, we have 
revealed that mechanical and electric properties of a junction have strong correlation with the 
bonding configuration. This work clearly demonstrates that the interfacial details, rather than 
previously believed many-body effects, is of vital importance for correctly predicting 
equilibrium conductance of molecular junctions; and manifests that the interfacial contact must 
be carefully understood for investigating quantum transport properties of molecular 
nanoelectronics.  
 
 
  
 1. INTRODUCTION 
In a very recent paper, Song et al. [1] reported experimental fabrications of three-terminal 
single molecule field effect transistors. The successful fabrication and characterization of such 
a molecular device can be considered an important milestone of nanoelectronics. In the 
experiment, a gold wire was broken by electro-migration to produce a nano-meter gap in the 
wire. A molecule such as 1,4-benzenedithiol (BDT) may bridge the gap and form an 
Au/BDT/Au single molecule transport junction. A range of equilibrium conductance of 0.011~ 
0.015 G0 (G0 = 2e2/h) was reported giving an average value of 0.0132 ± 0.0021 G0. The 
Au/BDT/Au device was subjected to extensive studies in the past, for instance, a mean 
conductance of 0.011 G0 was reported by statistically measuring several thousand Au/BDT/Au 
junctions formed by BDT bridging the gap between a scanning tunneling microscope (STM) 
tip and a Au surface [2]. Their results have also been reproduced by other experiments [3]. The 
consistency of measured transport properties on devices fabricated by totally different methods 
suggests a degree of structural-function control at the single molecule level. 
Despite these experimental achievements, the atomic structures of the fabricated devices, 
especially at the interface, were still unclear. In particular, the most important structural 
information, namely the metal-molecule contacts, is at best ambiguous for essentially all single 
molecule transport junctions investigated in the literature. In general, a most important science 
issue concerning nano-systems is the relationship between structure and function. The 
experimental convergence of transport data for the Au/BDT/Au device provides a timely 
opportunity to shed considerable light on the structure-function issue of molecular 
nanoelectronics. It is the purpose of this paper to report our first principles theoretical 
investigation on how the contacts can critically affect quantum transport properties of molecular 
junctions. In a typical theoretical analysis of molecular devices, one assumes an initial contact 
structure between the molecule and the metal electrodes, which is guided, usually, by intuition 
or by what people believe to be, and then, in few studies, relaxes the structure. However, 
experimentally when a molecule is brought to contact the metal leads, a contact formation 
occurs where chemical reactions may give rise to dissociation or formation of atomic groups 
from the original molecule. Such a process is likely lost when an initial atomic configuration is 
assumed without carefully considering it from ab initio point of view. As a result, the bonding 
 mechanism governed interfacial geometry after the formation of contact has not been subjected 
to systematic investigations so far and, as we show below, it is a crucial effect that controls the 
interface transparency to charge flow. 
We use the Au(111)/1,4-benzenedithiol(BDT) / Au(111) junction as a prototypical system 
for our investigation. As discussed above, the experimental conductance value is 0.011-0.015 
G0 [1,2] for this system. On the theoretical side [4-15], conductance obtained from quantitative 
analysis have not been able to reach a clear consensus. Density functional theory (DFT) based 
first principles methods within local density approximation (LDA) or generalized gradient 
approximation (GGA) have mostly produced conductance values considerably larger, by more 
than one or even two orders of magnitude, than the converged experimental value of 0.011-
0.015 G0 [1,2]. Many-body electronic correlation effects was suggested can alter the 
conductance of molecular junctions by an order of magnitude [16] and was illustrated, with an 
example of Au/1,4-benzenediamine(BDA)/Au junctions, crucial in properly predicting 
equilibrium conductance of molecular junctions. However, the consideration of many-body 
effects for the Au/BDT/Au junction has not been examined for some reason. 
In this paper, we focus on a different issue, namely the role of interfacial geometry at the 
contact in transport properties of molecular junctions, by massive first principles calculations, 
we found another bonding configuration which is more energetically favored than the 
previously proposed one [17] for the Au/BDT/Au junction. In this configuration, a BDT 
molecule prefers to attach to ad-atoms when bonded to Au(111) and, more importantly, the 
hydrogen atoms on the thiol groups of a BDT do not dissociate away after the formation of the 
device contacts. The breakdown force [18] of this energetically more stable configuration, 
denote H-non-dissociated (HND) model, compares better to the experimental data than that of 
the previous H-dissociated (HD) model. The calculated conductance of the junctions with HND 
model is within a factor of two to five in comparison to experimentally measured values. On 
the other hand, all the HD configurations produce conductance at least one order of magnitude 
greater. This rather large discrepancy of conductance is found a result of distinctly different 
bonding mechanism, namely dative bonding filled by a lone pair of S and covalent bonding 
filled by electrons from Au, as suggested by analyzing the scattering states that traversing the 
metal-molecule contacts. 
 2. METHODS 
2.1 Total energy calculation 
Density functional theory (DFT) total energy calculations were carried out using general 
gradient approximation for the exchange-correlation potentials (Perdew-Burke-Ernzerhof, PBE) 
[19], the projector augmented wave method [20] (PAW), and a plane wave basis set up to 400 
eV as implemented in the Vienna ab-initio Simulation Package VASP [21]. A c(4×3) supercell 
consists of six layers of Au atoms separated by a vacuum layer of 15 Å was adopted to model 
the Au/BDT interface. All atoms except the three bottom Au layers were fully relaxed with a 
force criterion of 0.02 eV/Å applied for every ion. A plane wave kinetic energy cutoff of 400 
eV and a k-mesh of 4×4×1 were further checked by a cutoff of 500 eV and a mesh of 8×8×1 to 
ensure the convergence to 1 meV/atom. 
2.2 Modeling of junction in structural evolution 
Junctions were modeled using the ``Dual-Slab Model", proposed by this work, in terms of 
structural relaxation. With this model, the fully relaxed structure of a molecular junction can be 
easily accessed with smaller computational effort. In this model, two slabs, consisting four Au 
layers for each slab and separated by two vacuum regions, were employed to represent two 
semi- infinite leads, see Figure 1(a). Here, there is an assumption taken from the field of surface 
modeling that a minimal thickness of four layers of metal atoms is able to capture the main 
feature of a semi-infinite surface. In each slab of four-layer Au atoms, we used the two outer 
layers, which were kept fixed during structural relaxations, to simulate the bulk atoms and the 
two inner layers for surface atoms. Such a setup ensures that the volume of the supercell is a 
constant during junction elongation, which avoids the Pulay force error with non-absolutely-
converged basis sets. While for transport calculation, the central scattering region of the two-
probe model could be directly derived from this dual-slab model by removing the right vacuum 
layer shown in Fig. 1(a).   
Two adatoms are available on two face-to-face surfaces of the two slabs, while BDT 
molecules were put in between the two adatoms. Junction gap width L is defined as the gap 
between the two face-to-face surfaces at their initial positions (in Au bulk positions). The 
difference of z coordination of the adatom and the third layer (the top-most constrained layer 
 during structural relaxations) defines LL (LR) for the left (right) lead. Variable D has a similar 
definition as that of LL or LR, but solely for a lead, see Fig. 1(b). 
At each L, the position of every atom in the dual-slab, except the four ``bulk” layers (two 
outer layers in each slab), was fully relaxed using the PAW method. The cross-section and other 
details, e.g. the force criterion, in dual-slab calculations are the same as that for Au/BDT 
interfaces. To simulate the stretching process of the junction, one Au slab was moved step by 
step with a step length of 0.1 Å. A total number of 22 configurations, either in HND or HD 
model, have been considered from L = 12.7 Å to 15.8 Å (16.7 Å for the HD model), which 
covers the length range from compressed to break-down junctions. The size of the supercell 
was kept fixed throughout the stretching process. 
 
Fig. 1 Schematic diagrams for the ``dual-slab” model with the definitions of L, LL and LR (a), the surface 
model with an adatom on a bare Au(111) surface showing the definition of D (b), and the central 
scattering region of the ``two-probe” model. 
2.3 Breakdown force calculation 
Breakdown force is defined as the difference of the measured forces (tension) on a lead of 
the junction just before and after the breakdown. The forces were experimentally recorded from 
atomic force microscope (AFM) tips in the AFM-Molecule-Surface setup which was adopted 
to measure the breakdown force of Au-S linkers [18]. Tensions before and after the breakdown 
were calculated using two methods, respectively. For the tension of a lead before the breakdown 
Tbefore, it equals to that of the whole junction, i.e. the tension of a dual-slab model. It is thus 
derived from the total energies of the junctions with various lengths, read as Tbefore = dE/dL ≈ 
ΔE/ΔL at the junction gap right before the breakdown. Note that, the zero tension is defined by 
the configuration that gives the lowest total energy of the junction, in which the lead has already 
been stretched. Following the definition, it should be negative that the tension in a bare lead, as 
denoted Tafter. Such force was calculated according to the z position of an adatom solely on a 
bare Au surface (D). At the equilibrium L0, the optimized distance D of the adatom Dequilibrium is 
 0.088 Å larger than the Dbare on a bare lead. Tension Tafter is thus roughly equal to the Hellmann-
Feynman force of the adatom directly calculated from the total energy of a lead, in which D is 
increased to match Dequilibrium. The breakdown force is, by definition, read as Fbreakdwon = Tbefore - 
Tafter. 
2.4 Electron transport calculation 
Our transport analysis is based on carrying out DFT analysis within the Keldysh non-
equilibrium Green's function (NEGF) formalism. The basic idea of NEGF-DFT is to self-
consistently calculate the Hamiltonian of the device by DFT and determine the non-equilibrium 
quantum statistical properties of the device operation by NEGF. For more details we refer 
interested readers to the original literature. In the NEGF-DFT self-consistent calculation of the 
density matrix and Hamiltonian, we use double-ζ plus polarization (DZP) linear combination 
of atomic orbital (LCAO) basis sets for all the atoms, GGA-PBE for the exchange-correlation 
potential, and define atomic core potentials using standard norm conserving pseudopotentials. 
Each basis set was fully optimized using Nanobase, a package disturbed with Nanodcal, to 
ensure it is consistent with the corresponding PAW calculation, with the maximum energy 
difference of less than 0.1 eV in the comparison of bandstructures. 
A two-probe model of Au/BDT/Au device is comprised of three parts [22,23], the 
scattering region plus the left/right leads. The scattering region, built directly from the relaxed 
structure in the dual-slab model, includes a BDT molecule bonded to four layers of Au(111) 
atoms via an ad-atom on each side (atoms inside the black rectangular box in Fig. 1(c)). The 
leads are bulk-like Au(111) layers extending on each side of the scattering region to z=±∞ where 
z is the direction of current flow. Periodic boundary condition is applied in x and y directions. 
  
  
 3. RESULTS AND DISCUSSION 
3.1 Contact at interface 
Despite the importance of bonding structure of metal-molecule interfaces to transport 
[24,25], detailed bonding geometry of Au/BDT/Au junctions is yet to be well established. In 
different systems such as the popular Au/alkanethiol/Au junction, the conductance is dominated 
by electron tunneling through localized σ bonds of alkanes [26], namely the huge conductance 
(typically tens of mega-Ohms) of the junction is dominated by the length of the alkane molecule 
and not by the Au/alkanthiol interface. For Au/BDT/Au junctions, the benzene ring in BDT 
consists of a non-local π bond system which is rather transparent to electron conduction hence 
the conductance should be much more sensitive to the bonding geometry at the Au/BDT 
interface. A very careful calculation on this interface is thus necessary. As suggested by a recent 
STM experiment [27], thiol-groups prefer to attach Au(111) surface through Au ad-atoms. We 
have therefore calculated BDT absorption on Au(111) with and without Au ad-atoms. Our total 
energy calculation suggests that BDT tends to attach the Au surface via adatoms, at least 0.4 
eV per molecule more stable than the corresponding interface without adatom. As a result we 
shall focus on a series of representative atomic configurations with BDT molecules absorbed 
on Au(111) surface via Au ad-atoms. 
 
Fig. 2 Top views of examples for (a) parallel and (b) perpendicular configurations. (c) Four 
positions of H have been considered for each configuration at several orientations: (A) is for non-
dissociated H; (B,C,D) are for dissociated H which attaches to the (B) ad-atom , (C) the surface , 
or (D) escapes into vacuum forming an H2 molecule. 
Figure 2(a) and (b) plot two initial structures of BDT attached to Au(111) via an ad-atom 
prepared for the structural relaxations, where the molecule is parallel (perpendicular) to the 
surface. According to the C2 and C3 rotational symmetries of the molecule and Au(111), another 
two sets of these structures with a rotation angle of -30˚ and 30˚ were also considered. These 
 three sets should likely cover most of the initial configurations. For the interfacial contact, we 
consider one case for the non-dissociative contact, as suggested by the recent experimental  
[28] and theoretical [29] studies, and three cases for the dissociative contact. They are, i) the H 
remains attached to the S atom (A in Figure 2(c)), ii) the dissociated H attaches to the ad-atom 
(B), iii) to the surface (C), and escapes to vacuum to form an H2 molecule (D), as shown in 
Figure 2(c). 
Table I Difference of total energies (units eV) compared with the most stable structure (the parallel 
0˚) for typical configurations of Au/BDT interface. For all situations, the H-non-dissociative 
structures have lower energies. 
 Parallel  Perpendicular 
 0˚ 30˚ 60˚  0˚ 30˚ 60˚ 
HND 0.00 0.09 0.08  0.06 0.06 0.06 
HD-adatom 0.28 0.25 0.61  0.53 0.54 0.42 
HD-surface 0.41 0.40 0.42  0.40 0.41 0.41 
HD-vacuum 0.24 0.25 0.26  0.25 0.25 0.24 
 
Table I summarizes the total energy of these interfaces. It is striking to find that 
configurations with H non-dissociative (HND) S-H bonds, first row in the table, are always 
energetically more stable than all dissociative structures by at least 0.2 eV per BDT throughout 
all systems investigated. Although an isolated Au adatom is frequently seen on Au(111), other 
contacts, e.g. with perfect surface or small Au cluster, do emerge in a molecular junction. Both 
our calculation and a previous DFT total energy calculation [29] prefer the HND configuration, 
rather than the HD configuration, in the presence of either small cluster or perfect (111) surface, 
which is consistent with the experimental observation [28]. Furthermore, as elucidated below, 
our calculated breakdown force of the HND junction (by elongation) is 1.38 nN, fairly close to 
the experimental value (1.6 ± 0.2 nN) of similar molecular junction with the same thiol linker 
[18]. These results strongly suggest that an HND structure is worth of investigation, and may 
provide a more realistic model in terms of transport modeling of BDT devices. 
3.2 Evolution of junctions 
Geometry of the scattering region of all instances of Au/BDT/Au junctions, in a ``dual-
slab" model, is again fully optimized with VASP. An adatom is available on each of the two 
face-to-face surfaces of a junction, while BDT molecule, in HND (Fig. 3(a)) or HD (Fig. 3(b)) 
 case, was put in between the two adatoms. When the H is dissociated, the Au-S bond shows a 
stronger strength than the Au-Au bond in our calculation. Therefore, in STM experiments 
where a STM tip was repeatedly retracted from an Au surface, it is quite likely to drag an Au 
atomic wire out of the surface through the attached BDT molecule [2]. To cover this possibility, 
for the HD structure, we have calculated a few devices where the H-dissociated BDT is linked 
to the surface via gold atomic chains with various lengths (Fig. 3(c)). The parallel 
configurations, as shown in Fig. 3(a), were adopted to build the dual-slab model of the junctions, 
since they have lower energies than the perpendicular ones. 
 
Fig. 3 Atomic models of the (a) non-dissociated and (b) dissociated BDT linked by ad-atoms and (c) gold 
atomic chains. Fully relaxed configurations for H-non-dissociative junctions, (d) at L = 13.0 Å, in which 
LL = 6.846 Å ≈ LR = 6.849 Å, very close to the D value of an adatom on a bare surface; (e) the junction 
is at its equilibrium, when L = 13.8 Å, in which LL = 6.935 Å ≈ LR = 6.933 Å; (f) the junction starts to 
break at L = 15.7 Å, LL = 7.101 Å, LR = 7.052 Å . 
 
The H-non-dissociated junctions always have lower total energies than the corresponding 
H-dissociated cases: because there are two Au/BDT interfaces now, the energy difference 
roughly doubles those listed in Table I. The total energy of the dual-slab structure as a function 
of the width of junction gap L are shown in Fig. 4(a). In the HND case, the energy goes lower 
and lower as one slab is moved further from L = 13.0 Å ( Fig. 3(d)) and reaches a minimum 
value at around L = 13.8 Å (Fig. 3(e)). This value of L is regarded as the equilibrium width of 
the junction, in which the Au-S bond length is 2.43 Å and the LL (LR) is 6.94 Å. Near L = 15.7 
Å (structure shown in Fig. 3(f)), the junction starts to break which can be identified from either 
geometric or energetic points of view. In terms of energetics, the total energy keeps essentially 
constant from 15.7 Å to 15.8 Å indicating the junction breaking. Furthermore, distances LL and 
LR are fairly identical before L reaches 15.6 Å. However, an appreciable difference of 0.05 Å 
between them becomes observable at L = 15.7 Å, and it becomes 0.08 Å for L = 15.8 Å. Both 
the Au-S bond length (left lead) and the LR value start to decrease at L=15.7 Å. All these 
 geometrical changes are consistent with the features of a junction breaking down, in agreement 
with the energetic behavior. Structural details of this series of junctions are available in Table 
II. It is remarkable that the values of LL (6.846 Å) and LR (6.849 Å) in the configuration for L 
= 13.0 Å are quite close to the D value of 6.846 for an adatom on a bare Au(111) surface, which 
implies that the absolute tension applied to the adatom in the z direction should be the smallest 
(close to zero) when the junction length is around 13.0 Å. 
 
 
Table II. Changes of LL, LR, and Au-S bond lengths at the left (Au-S(L)) and right (Au-S(R)) leads 
with respect to (H-non-dissociative) junction length L. All values are in Angstrom 
L 12.7 12.8 12.9 13.0 13.1 13.2 13.5 13.6 13.7 13.8 13.9 
LL 6.823  6.834 6.841 6.849 6.854 6.866 6.903 6.915 6.930 6.935 6.946
LR 6.817  6.833 6.838 6.846 6.857 6.874 6.900 6.910 6.917 6.933 6.942
Au-S (L) 2.426 2.426 2.422 2.420 2.418 2.419 2.422 2.421 2.423 2.425 2.429
Au-S (R) 2.430 2.429 2.425 2.422 2.421 2.422 2.422 2.421 2.423 2.427 2.429
 
L 14.0 14.1 14.2 14.7 15.2 15.3 15.4 15.5 15.6 15.7 15.8 
LL 6.958  6.968 6.979 7.030 7.078 7.087 7.094 7.095 7.101 7.101 7.103
LR 6.953  6.965 6.977 7.035 7.078 7.093 7.098 7.100 7.093 7.052 7.023
Au-S (L) 2.431 2.434 2.439 2.474 2.535 2.543 2.562 2.567 2.568 2.539 2.534
Au-S (R) 2.434 2.435 2.442 2.476 2.534 2.572 2.592 2.638 2.704 2.886 3.017
 
 
 
 
  
 3.3 Breakdown force 
 
Fig. 4.  Calculated (red dots) and fitted (black lines) data for H-non-dissociative (a), (b) and H-
dissociative (c), (d) junctions of: (a), (c) total energies of the junction with different lengths, the cross 
indicates the equilibrium position; and (b), (d) derived forces from curve (a) and (c) according to 
equation FJunction = dE/dL≈ΔE/ΔL. The second force calculation method is illustrated in (e) where a 
force is acted on the adatom at non-equilibrium positions in the transport direction. (f) shows the results 
of this force calculation in which the largest likely D value obtained from the H-non-dissociative 
junction elongation is marked by a ``plus” symbol; that from the H-dissociative junction elongation is 
marked by a ``cross”. 
 
In our calculations, two methods were employed to estimate the changes of tension with 
respect to the junction elongation, i.e. (1) derive the force from total energy of the elongating 
junction and, (2) directly calculate the force according to the shift of the Au adatom. In the first 
method, the tension of the junction is derived by FJunction = dE/dL≈ΔE/ΔL. Figure 4(b) plots 
the calculated FJunction versus L, where its value at L=13.8 Å (the equilibrium junction length) is 
zero. The largest positive value of this force is 0.76 nN, but the lower limit of negative forces 
is rather ambiguous. At L = 13.0 Å, the values of LL and LR are very close to that of D (of a bare 
surface) at equilibrium. It is therefore quite reasonable to use that junction length as a reference 
in estimating the lowest negative force. The force of the junction with L = 13.0 Å is -0.34 nN 
as shown in Fig. 4(b), we thus obtain an estimated breakdown force of 1.10 nN. 
The second method is to estimate the force according to the vertical position of an adatom 
on a bare Au surface as shown in Fig. 4(e). After the breakdown of a two-probe junction is 
completed, the adatom on the surface of a lead, without molecules attached, is retracted from 
its longest stretching position to its equilibrium position on the surface. At the equilibrium 
 position, the tension is zero by definition; while at the longest stretching position just before 
breakdown starts, i.e. at L = 15.6 Å from Table II, the force can be directly evaluated. The 
breakdown force is thus equal to the acting force directly calculated from the adatom on a bare 
surface in the z direction, in which the D is increased to match LL or LR of the junction at L = 
15.6 Å. Table II shows that LL ≈ LR ≈ 7.10 Å at L = 15.6 Å, giving rise to a value of the 
breakdown force of 1.58 nN with D = 7.10 Å, as shown by the black ``plus” in Fig. 4(f).   
The two methods for calculating breakdown force introduce some small uncertainty either 
to the minimum or to the maximum tension due to the HS-Au bonding (e.g. charge 
redistribution), but in different ways. For the first method, the calculated tension before the 
junction breakdown is exact (within the DFT technique); but this tension is underestimated after 
the junction breakdown because the first method included the HS-Au bonding that tends to 
somewhat lower the breakdown force. For the second method the situation is opposite, namely 
it overestimates the breakdown force without considering the influence of HS-Au bonding at 
the longest stretching position before the breakdown. These considerations imply that the 
correct theoretical value should be in between the values obtained by our two methods, i.e. in 
the range between 1.10 nN to 1.58 nN. This result is consistent with the experimental value, i.e. 
1.6 ± 0.2 nN, of another molecule connected to Au leads with the same thiol linker [18]. 
As a comparison, we also evaluated the breakdown force of the H-dissociative model 
following the same procedure. Figure 4(c) shows the evolution of total energy as a function of 
L. Its derivative curve, representing the tension of the junction as a function of L, is shown in 
Fig. 4(f). The zero value of the tension locates at L=13.6 Å, while the largest positive value is 
clearly shown as 1.85 nN. The lowest negative force was determined using the same idea that 
at L = 12.8 Å, the force is found -0.59 nN as shown in Fig. 4(d). Therefore, a breakdown force 
of 1.85 nN + 0.59 nN = 2.44 nN is obtained for the H-dissociative junction. The adatom-to-
surface distance at the longest stretching position (at L = 16.0 Å), just before breakdown starts, 
must be ascertained so that the breakdown force can be estimated using the second method. It 
was found that, according to the fully relaxed atomistic structure, LL ≈ LR ≈ 7.495 Å at L = 16.0 
Å. The force is 2.60 nN when D = 7.495 Å, as shown in Fig. 4(f) indicated by a black cross. 
The calculated breakdown force for the H-dissociative junctions, in the range from 2.44 nN to 
2.60 nN, is significantly higher than the experimentally measured value of the thiol-gold linker 
 [18] which is 1.6 ± 0.2 nN. On the other hand, the theoretical breakdown force for H-non-
dissociative junctions are found in between 1.10 nN and 1.58 nN which is more consistent to 
the measured data. These results suggest that the H-non-dissociative model gives a more 
reasonable description for the interfacial contact in Au/BDT/Au experiments [1-3]. 
3.4 Transport Properties 
 
Fig. 5 (a) Transmission of H-dissociative (solid blue) and H-non-dissociative (dashed red) models 
versus energy without junction stretching. The cross denotes the experimental value 0.011 G0 [2] . 
(b) Conductance (G0) versus junction length (Å) under mechanical stretching for H-non-dissociative 
model. 
Figure 5(a) shows the transmission (T) spectra of Au/BDT/Au devices versus energy E, in 
a range of -3.0 eV to 3.5 eV. For the HND model, the equilibrium conductance (the value of T 
at the Fermi level) is 0.054 G0 for a junction at its equilibrium junction length L = 13.8 Å. This 
conductance decreases when stretching the junction, and reaches 0.02 G0 for L ~ 15.7 Å, at 
which the junction starts its mechanical breakdown. Figure 5(b) plots conductance changes 
versus L. This range of conductance, 0.02-0.054 G0, is within a factor of two to five in 
comparison to the experimental value of 0.011 G0 [2] to 0.0132 G0 [1]. On the other hand, the 
conductance of all HD models with or without stretching are much higher, in a range of 0.38-
0.86 G0. These high values are consistent with previous ab initio calculations [12-15] which 
used HD models. Inclusion of many-body effects, e.g. calculations done with many-body 
perturbation theory, reduces the equilibrium conductance of the NHD model to 0.02-0.03 G0, 
by a factor of 2 at the equilibrium junction length, however, enlarges that of the HD model to 
an even larger value [30,31].  
 
 
  
3.5 Bonding Mechanism 
 
Fig. 6 Scattering states of (a) H-dissociative and (b) H-non-dissociative models. Insets are the 
HOMO and LUMO of the corresponding molecule 1,4-benzenedithiolate and 1,4-benzenedithiol. 
 
The transport results clearly suggest that the hybridization of electronic states from Au 
electrodes and the molecule is significantly different for H-non-dissociative and dissociative 
models, and thus leads to diverse behaviors of the conductance evolution with respect to the 
length of junction. To find the reason why this happens, we have analyzed the scattering states 
around the Fermi level for both models, as shown in Fig. 6. When the H is dissociated from an 
S-H group, an electron of the S atom becomes unpaired which has an overwhelming tendency 
to attract an additional electron to make a pair. The additional electron is most likely contributed 
by s-electrons of Au leads, resulting in a transfer of charge from leads to the molecule. The 
transferred electron dopes into the lowest unoccupied molecular orbital (LUMO) of 1,4-
benzenedithiolate and pushes down the s-LUMO bonding state just below the Fermi level, as 
found in a similar system [32,33]. The s-LUMO bonding states are expected to be much 
delocalized, since it was composed of a delocalized LUMO and a delocalized metal s state. We 
thus plot the scattering states around the Fermi level, as shown in Fig. 6(a). It was found that 
the conductance around the Fermi level is indeed dominated by a delocalized s-LUMO state as 
expected. The plot shows the scattering states nicely passing through the junction, giving rise 
to a high conductance value. On the other hand, for the H-non-dissociative model, the above 
charge transfer can hardly happen since all electrons are paired already, hence the hybridized s-
LUMO state around the Fermi level disappears. The bonding picture then switches to that of a 
lone-pair of the S atom donating to the partially unfilled s-band of Au leads. The lone-pair is 
rather localized, like a σ-type orbital. Similar dative bonding mechanism was also found in 
thiophene/Cu interfaces [34]. The hybridization between the lone-pair and Au leads is therefore 
 somewhat localized, which results in a tunneling mechanism for electrons going through the 
junction at low bias; a much smaller conductance is therefore expected. Indeed, as shown in the 
plot of scattering states in Fig. 6(b), very few incoming scattering states can pass through the 
junction. In this case, the conductance is mainly contributed by the HOMO of 1,4-benzenedithiol. 
These results unambiguously manifest that the interfacial bonding configuration, rather than if 
considering the many-body effects, is curial to properly predict the equilibrium conductance of 
molecular junctions. With the established correlation of bonding mechanism and equilibrium 
conductance, it can be inferred that the conductance should be similar, but slightly smaller, if 
replacing the BDT molecule by 1,4-benzenediamine (BDA). It is because that the NH2 group 
bonds to the Au lead through an electron lone pair of N and it is more localized owing to higher 
electron affinity of N. This hypothesis is well supported by experiments with BDA and other 
linker groups [35]. 
 
4 CONCLUSIONS 
In summary, we showed there are two bonding mechanism for the Au-S bond in an 
Au/BDT/Au junction, namely a covalent bond filled by electrons transferred from Au lead to S 
atom and a dative bond formed by a lone pair from the S atom. These two bonding 
configurations were experimentally confirmed by scanning tunneling microscopy with atomic 
manipulation and were manifested to have different energy level alignments [36] as suggested 
in this work. We have demonstrated that the mechanical and electric properties of a molecular 
junction have strong correlation with the bonding configuration at the contact interface. 
Another bonding mechanism was revealed in this work, surprisingly, that the H atoms in the 
thiol group of the BDT energetically prefers to be non-dissociative after the Au/BDT/Au 
transport junctions are formed. The introduction of non-dissociative H atoms, in other words 
the dative bonding configuration, blocks charge transfer doping to the BDT from the Au 
electrodes, effectively induces an extra potential barrier that considerably reduces the electron 
transparency of the Au/BDT interface. It had been used to believe that the HD model, namely 
the delocalized covalent bonding picture, is the right model for an Au/BDT/Au junction. With 
substantial efforts from our work and the promoted successive studies, however, the 
conductance was predict, with the HND model, within a factor of two to five in comparison 
 with experimental values [1,2]. The factor of two to five reduces to less than a factor of two if 
the many-body effect is considered, while the inclusion of many-body effects leads to an even 
larger conductance for the HD model [30,31]. 
We speculate that these two bonding configurations are switchable between each other by 
changing the local chemical environment, e.g. local geometry [37], at the interface, so that the 
electric conductance is thus, most likely, tunable by the interfacial environment. Our 
investigation reveals how the interfacial geometry correlates with the interfacial bonding 
configuration and could drastically influence transport properties. These findings shed 
considerable light on charge conduction properties at the single molecule level.  
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